INTRODUCTION
Prior to 1973, nitrogen oxides (NOx) in cigarette smoke were almost universally determined by the Saltzman procedure or a modification thereof (1) (2) (3) (4) . A few procedures involved other color forming reagents (5-7) but almost all required nitric oxide (NO) oxidation to nitrogen dioxide (N0 2 ) and absorption in solution before measurement. These procedures were time-consuming and, usually, only one cigarette was smoked per analysis. In 1969, an ultraviolet spectrophotometric determination of NO in fresh smoke was presented (8) at the 23rd Tobacco Chemists' Research Conference (TCRC) and in 1973 a non-dispersive infrared (NDIR) determination was presented (9) at the 27th TCRC. Since then, the chemiluminescence technique has been applied to cigarette smoke analysis (10) (11) (12) . These rapid instrumental methods can be adapted to multi-port smoking machines to yield an average delivery of several cigarettes. The NDIR analyzers are used extensively in carbon monoxide (CO) and carbon dioxide (C0 2 ) analyses but can be applied to NO analysis as well. In fact these gases can be determined simultaneously in a puff-by-puff analysis of the same cigarettes, employing three analyzers in series or in parallel combinations. Of the nitrogen oxides, only NO is measured by NDIR. It is widely accepted that N0 2 is present in very low concentrations in fresh smoke (3, 12, 13) but increases with time due to oxidation of NO. Therefore, an analysis should be performed as soon as possible afte~ a puff is taken. By the NDIR method, the NO is determined within 15 seconds of the puff. The NO, CO and C0 2 deliveries of a sample can be obtained in duplicate within 30 minutes after the first set is lit and as many as 8 -10 samples can be analyzed in a day with one unit, depending on the replication desired. In contrast, most wet analyses require at least an hour for complete oxidation of NO to N0 2 • In some instances, the coloring agents will decompose during this time to yiefd erroneous values. For comparison purposes, a wet analysis (14) and an NDIR analysis of NO were extensively investigated, and factors affecting both analyses were examined. 
EXPERIMENTAL

Smoking Machine
The delivery and analyses depend on the type of machine generating the smoke. The shape of the puff profile, the control of drafts, and the fraction of the puff analyzed are especially important. Cigarettes with highly perforated filters, smoked on a machine (15) utilizing critical flow orifices (CFO) yielded lower CO deliveries than the widely used 20-port Philip Morris syringe-type smoking machine (16) . Both smoking machines yielded representative samples and the draft was controlled so the influence of the puff profile was suspected. The CFO machine took two thirds of a puff in the first second of a two-second puff compared to one-half puff per second taken by the syringe machine. To eliminate this difference, the small eight-port machine pictured in Figures 1 and 2 was constructed which produced puff profiles, CO and nicotine deliveries in agreement with the 20-port syringe smoking machine. A more sophisticated unit, the Filtrona Model 302 with fractional puff cut-offs, could have been purchased, but syringes, swivels and drive were available and the assembly required little labor and expense. The syringe drive (Filamatic DAB-8 H.T.), syringes (50 ml), swivels, etc. were purchased from the National Instrument Company, Inc. of Baltimore, Maryland. These were adapted to a suitable frame and shafts essentially patterned after the Philip Morris machine, including outboard chain drives. The three-way solenoid valves (Skinner Precision Industries Inc., New Britain, Connecticut) were actuated by a microswitch operated by a cam on the syringe drive. To reduce dead volume, they were attached to the top syringe swivels by one-eighth inch polyethylene tubing and the Cambridge filter cassettes were held in the valve heads by "0" rings. The syringes' swivels were spring loaded at the top to reduce breakage in case of sticking since the syringe swivels contained no lubricant that might absorb or react with nitrogen oxides. They were adjusted to 35 ml volume by the crank arm and individually by the bottom barrel holder and top spring adjustments. The exhaust of the syringes passed through one-fourth inch polyethylene tubing of about 20 ml dead volume to a polyethylene bag for mixing (17) . The filling and exhausting of the bag required 15 seconds or less for 280 ml (8-35 ml puffs) and was controlled by a solenoid valve Smoking machine and non-dispersive infrared (NDIR) analyzers.
.l synchronized with the eight-port solenoids. The valve released air surrounding the bag when the puff was exhausted from the syringes and admitted pressurized air around the bag to expel the gas phase to the analyzers. The bag was collapsed except during the time it accepted and expelled the exhaust from the smoking machine so dilution was negligible. In a 280 ml puff only 20 ml of dead volume was contributed by the machine lines compared to 72 ml contributed by the eight Cambridge filter cassettes.
Since the laboratory ventilation created air currents, a draft fence and shelf around and below the cassettes prevented an updraft. The draft past the cigarettes was 15-20 lineal feet per minute with this baffling. Excessive draft increased diffusion out of the cigarette during a puff, increased static burn rate, and decreased puff number. Baker and Crellin (18) have discussed this effe(:t in some detail.
Non-dispersive Infrared (NDIR) Analyzers
The exhaust from the syringes and the bag passed through a Beckman NDIR215ACO analyzer, a Beckman 865 C0 2 analyzer, through a silica gel capsule, a LiCl capsule and through the Beckman 215A NO analyzer. All three analyzers operated on the same principle as described in Beckman NDIR manuals or as discussed by Siggia (19) . The path lengths of the CO and C0 2 cells were about onefourth inch but the NO cell was 13.5 inches long to obtain sufficient absorption at the low NO concentrations. This long cell allowed the NO analyzer to be normally operated at only 25 °/o gain. For higher nitrate samples, the gain was reduced and it was raised for low-yield samples. Two additional ranges allowed a two-and a four-fold increase in sensitivity at any gain setting for analysis of extremely low NO levels. The cell volume, about 100 ml, w.as swept out twice by the 280 ml exhaust from the smoking machine, insuring no dilution by the previous sample. The silica gel capsule removed interferences, especially aldehydes, and the LiCl capsule aided in water removal, all of which responded as NO. The analyzers were zeroed on air puffs from the smoking machine and gain was set with standard gases admitted through the line following the mixing bag. Both zeroing air and standards passed through the capsules. Fresh silica gel capsules ( 6 mm inside diameter X 12 cm) were inserted before each set of cigarettes was smoked. Daily calibrations were determined at least once with two CO-C0 2 -air standards and two NO-N 2 standards (Air Products, Tamaqua, Pa.). At approximately two-month intervals, complete calibration curves were obtained by diluting standards and/or pure gases. The puff by puff cigarette deliveries were calculated by a Hewlett-Packard 9100B program based on these CO, C0 2 and NO calibrations (17) and the constants were re-evaluated if calibrations changed.
Nitric Oxide Recovery
The CO deliveries by this system were corroborated to within a few percent by the CO delivered by the 20-port Philip Morris machine located in a hood with 15 -20 lineal feet per minute controlled draft. The NO recovery was examined as follows. A 2030 or 1050 ppm NO in N 2 standard was taken through x ports along with air taken through (8 -x) ports of the smoking machine. These puffs were mixed in the bag and passed through the NDIR analyzer for measurement of recovery. Similarly, one port of 2030 ppm NO in N 2 standard was taken through one port of the smoking machine while cigarettes were smoked in the other seven ports. This was repeated taking air through one port with seven cigarettes and also taking NO through one port and air through seven ports. Comparison of NO levels at these three conditions allowed estimation of NO recovery from cigarette smoke.
Analysis of Cigarettes
Cigarettes were equilibrated at 7 4°F and 60 °/o relative humidity for at least 48 hours and were kept in plastic bags until placed in the cassettes. They were lit simultaneously with an eight-port electric lighter and smoked to tipping plus three mm or to a 23 mm butt in case of non-filter cigarettes. Since this apparatus was not equipped with fractional puff cut-offs, a cigarette was removed from a cassette if the next puff would burn through the prescribed butt length. The fractional puff was then x/8 where x was the number of cigarettes that were long enough for the last puff. Air was drawn through the empty ports when the fractional puff was taken and clearing puffs were taken on empty ports after the last puff. These could be taken manually so that residual NO did not remain in the system for 58 seconds between clearings. The NO, CO, and C0 2 meter readings were recorded after each puff and ml or mg delivered were calculated by the HP9100B programmed calculator.
RESULTS AND DISCUSSION
Non-dispersive Infrared (NDIR) Analyses
The recovery of NO from various NO-air mixtures after the 15-second period for the mixing bag to exhaust and for the NDIR to stabilize is shown in Figure 3 . The average recovery at the various air ratios was 95 °/o of that expected had only dilution of the standard occurred. The recovery of NO added to cigarette smoke under conditions similar to the above is shown in Figure 4 . In the presence of high levels of smoke, recovery averaged only 87°/o while at lower levels, recovery averaged 91 °/o. In smoke, the added NO could react with other smoke components such as amines, alcohols, etc. to form nitrosamines, methyl nitrite, etc. (20), accounting for the lower recoveries. Also, these reactive components would be at lower levels in smoke from a dilution filter cigarette so the higher recovery above would be expected. The reproducibility of deliveries by a prototype cavity filter cigarette is shown in Table 1 . The variations over a period of three months are shown for a controlled draft 
Nitric Oxide Oxidation
Considering the average NO losses in Figure 3 to represent oxidation at the various NO-air ratios, velocity constants were calculated according to pseudo second order kinetics. The rate for the reaction 2 NO+ 0 2 -2 N0 2 was defined by - 
Low-Volume Filter Cassettes
In the cigarette system, 100/o oxidation of the NO in smoke left in the dead volume of the cassettes (72 ml) and in the lines (20 ml) between puffs would reduce recoveries by about 4 '0/o and reactions with smoke components would further reduce recovery. Therefore, low-volume cassettes ( Figure 5 ) were fabricated with 3 ml dead volume compared to the 9 ml of a regular cassette. The low volume necessarily restricted flow such that draw resistance on the syringes (without a cigarette) was 4 cm H 2 0 compared to 1 cm H 2 0 for regular cassettes. However with a cigarette of 5-10 cm HsO draw resistance, the difference in cassette resistance was negligible. Resistance to flow was mainly due to the reduced space in front of the Cambridge pad. The four holes were drilled in the outer perimeter in order to reduce resistance and to distribute particulates over the pad. In 10 smokings of the same cigarette with each cassette, a comparison of Federal Trade Commission (FTC) condensate and nicotine deliveries showed both cassettes had essentially the same trapping efficiency and in 22 smokings, the CO and C0 2 deliveries were similar as expected.
The average NO delivery with the regular cassette, be- cause of the greater volume of NO to be oxidized, was four percent lower than delivery by the low-volume cassette. This difference was of about the same order as the relative error found for each type of cassette, indicating the dead volume of the regular cassette was not critical.
Nitric Oxide Dependence on Blend Nitrate Nitrogen
Although not extensively investigated, NO delivery of cigarettes was found to increase as blend nitrate nitrogen was increased. The best relation ( Figure 6 ) was obtained utilizing average .{>Uff values rather than per cigarette deliveries because of the variation in puff numbers. The value at the origin was the delivery of a cellulose cigarette having O.OOO/o nitrate nitrogen and O.OOOfo total nitrogen in the shreds. Regression analysis of the data indicated at least 75 °/o of the NO delivered by commercial cigarettes was derived from the nitrate nitrogen present in the tobacco.
Interference in Non-dispersive Infrared (NDIR) Analysis of NO
A deficiency in the NDIR analysis of NO i~ cigarette smoke was the analyzer response to other smoke constituents. Water tended to accumulate in the sample cell, Non-dispersive Infrared (NDIR) response as nitric oxide to some smoke components. causing an increase in the meter zero and high NO values. This constituent was reduced to a negligible concentration by a capsule of LiCl. Without LiCl, analyzer zero with laboratory air was higher than with dry nit;ogen. When passed through the LiCl, laboratory air and dry nitrogen yielded the same zero. Another major interference was the aldehydes in smoke. The response of the analyzer to these majo~; interfering species was determined as shown in Figure 7 . Most were completely removed from smoke by a small capsule of silica gel, 6 mm inside diameter X 12 cm long, replaced before each set of cigarettes was smoked. Tests showed that little or no NO was removed by the silica gel as was also found by Foster and Daniels {23). Aldehydes removed by this silica gel after an NO smoking agreed with aldehydes delivery determined on the same cigarettes by routine aldehyde analyses (24) .
Automated Calorimetric Analyses
The nitric oxide oxidation velocity constant of 0.86 · 10 6 indicated that in wet analyses of NO, such as the Saltzman procedure, at least 3 hours exposure would be necessary for complete oxidation. If the coloring reagents were present initially, they could decompose in long periods of 96 exposure to smoke and produce erroneous results. Therefore, smoke and standard gases were analyzed by a modified AutoAnalyzer method of Collins et al. {14) in which the coloring reagents were added during the analyses so that no decomposition occurred. In exploratory evaluations of this method, adapted to measure both nitrate (N0 3 -) and nitrite (N0 1 -), standard gases were injected into evacuated 1-liter flasks and absorbed in solution .
Analyses showed that N0 1 and 0 1 produced N0 1 -and N0 3 -, whereas NO and just enough 0 2 to react completely to N 2 0 3 produced essentially N0 2 -only. In the analysis of smoke, various ratios of N0 1 -and N0 3 -were found indicating both N0 2 and N 2 0 3 were absorbing. Therefore, the AutoAnalyzer was adapted to reduce N0 3 -to N0 2 -and all the oxides were determined as N0 2 -. In the course of these studies, aldehydes were found to interfere in the color forming phase of the analyses so they were destroyed by a bromine water treatment, excess bromine reacting with the hydrazine before the nitrate reduction. Dr. Collins has kindly consented to a prepublication of the reagents (Table 3 ) and a schematic of the AutoAnalyzer manifold (Figure 8 ). Individual cigarettes were smoked on a single-port syringe smoker, valved to exhaust each puff into an evacuated one-liter flask containing 100 ml 0.1 N NaOH. Table 3 . AutoAnalyzer reagents.
Use reagent grade chemicals and distilled water to prepare all solutions. 1. NaOH, 0.1 N. Dissolve and dilute 4.0 g of NaOH to 1000 ml with H 2 0.
2. NaOH, 0.425 N. Dissolve and dilute 17 g of NaOH to 1000 ml with H 1 0. 3. Bromine water. Prepare saturated bromine water by adding 3 ml of bromine to 100 ml of H 2 0 and allowing the mixture to stand in a glass-stoppered bottle until equilibrated, at least several hours. Prepare the dilute bromine water to be used with the AutoAnalyzer freshly each day by diluting 2 ml of saturated bromine water to 100 ml with water. 6. Aqueous. acetone solution. Dilute 100 ml of acetone to 1000 ml with water.
7. Color reagent. In 750 ml of water, dissolve 100 ml of 85% H 3 P0 4 , 40 g of sulfanllamlde and 2.0 g of N-(1-naphthyl)ethylenediamine dlhydrochloride. Dilute to 1000 ml. The solution should be kept in a cool, dark place and is usable for 4 weeks. 8. Standard N0 3 ..;.-N solutions. Prepare a 100 ppm N0 3 --N standard by dissolving 0.3608 g of primary standard KN0 3 in water and diluting to 500 ml. Dilute 50 ml of this solution to 500 ml to obtain a 10 ppm N0 were also charged to flasks in amounts nearly equivalent to the cigarette delivery and the extent of oxidation was determined as in the smoke analyses. As seen, the disappearance rates were similar, and considerably longer than one hour was required for complete NO oxidation. These results account for inconsistent values for high and low-yield cigarettes by wet methods where oxidation periods of only 30 minutes are allowed before analysis. The NO from a high-yield cigarette would be about 730/o oxidized while for a low-yield cigarette, oxidation would be only about 36°/o after 30 minutes. The oxidation of standard gases was further examined by non-dispersive infrared (NDIR) spectroscopy by isolating the sample cell after admitting a similar standard gas-air mixture and recording NO disappearance. Figure 10 shows a comparison of NO disappearance rates by NDIR and AutoAnalyzer. The standard-air mixture made up in a one-liter syringe would parallel flask mixing which could reflect imperfect initial mixing so a flow mix of a stream of standard and a stream of air was also examined. Since the flow and syringe oxidations by NDIR were similar, initial mixing in the flasks and syringe. were probably complete. The NDIR oxidation was possibly slower than flask oxidation because the NDIR cell is thermostated to 50 °C and NO oxidation rate decreases with increased temperature (20) . The AutoAnalyzer procedure also de-· tects N0 2 that could form in the syringe and infrared cell before the analyzer stabilized for reading. With cigarettes, agreement between NDIR and AutoAnalyzer results were obtained by analyzing the same gas phase smoke from the eight-port smoking machine. A 35 ml aliquot of each puff (280 ml ~ 8 ports) was taken through a "tee" before the NDIR analyzers and was added to an evacuated flask. AutoAnalyzer analyses after 17 hours air oxidation are compared to the NDIR analyses for several commercial brands and experimental cigarettes in Table 4 . The consistently lower NDIR analyses can be attributed to the 15-second interval between 
